Several new alkali metal oxometallates with anions built up from tetrahedral [MO 4 ] units were obtained in reactions aimed at the formation of alkali metal suboxometallates or by thermally decomposing the latter. Rubidium orthoaluminate tetrahydroxide Rb 9 (AlO 4 )(OH) 4 crystallizes with a new structure type (space group P2 1 /c, a = 13.116 (1) 
Introduction
Orthometallates of the heavy alkali metals Rb and Cs are widely unknown. Pauling's second rule for ionic crystals [1] explains the low stability of orthometallates of large cations with regard to unsatisfying topological solutions of the problem of equilibrating the local Coulomb potentials between large cations of low charge density and small anions of high charge density. The stability in terms of the Madelung part of the lattice energy of the structures can be increased by inserting small additional anions, e. g. oxide or hydroxide anions, or by condensing the orthometallate units, e. g. to dimetallates.
All compounds presented here were the result of experiments aimed at the synthesis of new alkali metal (A) suboxometallates A 9 MO 4 [2, 3] . In these novel compounds the orthometallate substructure is stabi-0932-0776 / 10 / 1200-1416 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com lized by insertion not of an additional small anion but of a metallic alkali metal atom, following the structural principles known from alkali metal suboxides and subnitrides [4 -8] . The structural chemistry of the suboxometallates not only is an interesting topic for analysing the underlying bonding mechanisms, but these materials can also be utilized for further chemical preparations. They provide new access to oxometallates with lowest possible connectivity in the anionic substructure due to the high metal content present in the precursor materials, and allow exploring the frontiers set by Pauling's second rule for ionic crystals [1] .
Reactions aimed at the formation of new alkali metal suboxometallates of e. g. Al, Ga, In, and Cr do not always work out right in the first attempt. In cases of a set of reaction conditions that do not lead to the desired products, the products are oxometallates immersed in excess alkali metal, alkali metal suboxides or intermetallic phases. However, this decomposition process can be carried out on purpose by thermally decomposing suboxometallates, or by thermally inducing redox reactions of the metallically bonded alkali metal with the oxometallate anion.
Here we present the crystal structures of several new alkali metal oxometallates which contain the smallest possible anionic subunits for the systems (Rb/Cs)-M-O (M = Al, Ga, In, Cr(IV)). Only one structure is a proper orthometallate, two structures show the presence of small anions (oxide or hydroxide) which is essential for the formation of a stable arrangement of the components, and a fourth structure is an example for the condensation to a dimetallate anion. These compounds represent the stability limits for minimal lattice energy.
Experimental Section
As the alkali metal oxometallates presented in this work were the result of experiments towards the formation of new alkali metal suboxometallates, the reaction mixtures were all rich in rubidium or cesium metal. All products were separated under a binocular from a metallic, liquid matrix of alkali metal or alkali metal suboxides. Alkali metal melts have in many cases been shown to enhance the crystallization of well developed single crystals in the function of a solvent, even for purely oxidic species [9, 10] . The reduction of the metal present in the oxometallate anion was observed only in the case of Cs 10 (Cr IV O 4 ) 2 O, where Cs 2 Cr VI O 4 was used as the educt. All reactions were conducted in mechanically closed tantalum crucibles placed in small steel autoclaves to prevent distilling off of the alkali metal. The tantalum crucibles were not closed by arc-welding in order to prevent any local increase of the temperature to the range where the reactions already set in (ca. 473 -573 K). The autoclaves were placed in argon-filled glass tubes in vertical furnaces. After the reactions the tantalum crucibles were opened in an argonfilled glove box, and a small portion of the product mixtures was brought in air under paraffin oil dried with potassium sand * for optical evaluation and separation of crystals suitable for single-crystal investigations. As all compounds * K metal lumps were cleaned from oxide layers with a knife and inserted into a Schlenk bottle filled with paraffin oil with a boiling range of 393 -433 K under argon. The bottle was heated to 353 K while stirring vigorously with the aid of a magnetic stirrer. The stirring dissipated the liquid potassium into spherical droplets of several mm in diameter and was continued after switching off the heater until the temperature of the oil was lowered beneath the melting point of K. The solidified K spheres are a powerful drying agent and can easily be regenerated after oxidation of the surface by remelting, stirring and recooling. This procedure is much easier than the one used for preparing the commonly used sodium wire.
are very hygroscopic, the crystals were sealed in thin-walled glass capillaries (∅ = 0.1 mm) filled with dried paraffin oil.
Rb 9 (AlO 4 )(OH) 4 was one of the products of the reaction of Rb metal (6.97 mmol), Rb 2 O (4.35 mmol) (see below) and Al 2 O 3 (0.87 mmol) in the molar ratio 8 : 5 : 1, according to the composition Rb 9 AlO 4 . The mixture was heated to 573 K within 5.5 h and allowed to react for two hours. After cooling to 473 K with a rate of 10 K/h the furnace was switched off. Rb 2 O was prepared by reaction of a surplus of Rb metal with oxygen generated by slow thermal decomposition of HgO to the nominal composition of Rb 3 O and subsequently distilling off the excess rubidium metal. The product contained some RbOH which lead to the formation of Rb 9 (AlO 4 )(OH) 4 . Byproducts were structurally unidentified intermetallic Rb-Al compounds embedded in a bronze-colored liquid matrix of rubidium suboxides. Rb 9 (AlO 4 )(OH) 4 forms brittle transparent xenomorphic crystals.
Rb 5 GaO 4 was the main product of the reaction of Rb metal (10.18 mmol), Rb 2 O (6.36 mmol) and Ga 2 O 3 (1.28 mmol) in the molar ratio 8 : 5 : 1, aiming at the formation of Rb 9 GaO 4 , one of the border phases of the solid solution Rb x Cs 9−x GaO 4 [3] . The reaction mixture was treated in the same way as described for Rb 9 (AlO 4 )(OH) 4 [2] as the main product.
X-Ray structure determinations
The crystals were centered on a one-circle goniometer equipped with an image-plate detector using graphitemonochromatized AgKα radiation (IPDS1, Stoe & Cie. Darmstadt, Germany). Data were collected in ϕ scans, and data reductions were performed with the diffractometer software packages [14] . The intensities were corrected for Lorentz, polarization and absorption effects (numerical absorption correction with optimized crystal shape [14] ). The structures were solved by Direct Methods [15] after determining suitable space group candidates following the reflection statistics and absence conditions. Structure refinements were carried out with full-matrix least-squares techniques on F 2 [15] introducing anisotropic displacement factors for all non-H atoms. Information on data collection, crystallographic data and structure determination are compiled in Table 1 . Standardized fractional atomic parameters [37] , anisotropic and equivalent isotropic displacement parameters as well as selected interatomic distances and angles can be found in Tables 2 -4 . Therefore a small single-crystalline sample was selected under a polarization microscope and centerered on the goniometer. The temperature was controlled by a cooling system with a nitrogen gas stream. The crystal in use showed no significant twinning; after applying the twin law as above, the batch scale factors for the respective twin volumes refined to 1 and 0 within the error margin, respectively. TLS analyses were carried out using Schomaker's algorythm [16] as inplemented in the PLATON program package [17] .
Further details of the structure investigations may be obtained from Fachinformationszentrum Karlsruhe, Table 2 . Fractional atomic coordinates in standardized setting [37] and equivalent isotropic displacement parameters (pm 2 ) for Rb 9 (AlO 4 )(OH) 4 [3] . In these compounds the orthoaluminate anion is coordinated by 12 cesium atoms in a rather regular way (all oxygen atoms have a coordination number of 5 + 1) and has higher point symmetry (point group42m, Wyckoff position 4b in space (20) 30 (20) 10 ( Rb 9 (AlO 4 )(OH) 4 structure. These anions are accommodated in large polyhedra with coordination numbers of 6+2, 6+1, 6+2, and 5+2 for O1, O2, O3, and O4, respectively (see Table 4a and (8) gen atoms are enlarged including two longer O -Rb contacts (see Table 4a ). The orthogallate anions are arranged in hexagonal nets forming a slightly distorted α-U packing [21] along the b axis of the orthorhombic unit cell (Fig. 5) . This underlying topological relation of the anion packing is the reason for the ratio c/a = 1.6937 which deviates only 2 % from the ideal value of √ 3 expected for a packing of ideal hexagonal nets in the α-U structure type in orthohexagonal setting. (7) pm, see Table 4b ). The terminal oxygen atoms of the diindate anion have a staggered conformation and are coordinated by one indium and five cesium atoms in a distorted octahedron. The bridging oxygen atom has two indium atoms and four cesium atoms as next neighbors (see Table 4b and Fig. 1 ). The cesium and indium atoms form slightly distorted hexagonal layers which are stacked in a triple hexagonal sequence ...ABA B A B ... (Fig. 4) From single-crystal X-ray investigations at r. t. the diindate anions appear to be centrosymmetric with a linear In-O1-In arrangement and staggered terminal oxygen atoms O2, O3 and O4. This description is valid as far as it concerns the spatiotemporal average as observed by X-ray diffraction. However, a close observation of the structure at low temperatures shows that the diindate anion has to be described in a slightly bent configuration which at r. t. is averaged by either statistical disorder or vibrational motion around a central position. This can be derived from TLS analyses [16] in which the respective fractions of librational, rotational and translational motions of the anion are fitted against the thermal displacement parameters derived from sin- 4 ] units, middle-gray ellipsoids represent oxygen atoms, and light-grey ellipsoids represent the alkali metal atoms. All ellipsoids are drawn at a 95 % probability level. Ge atoms are identical within small error margins, and this also applies to the oxygen atoms common to the orthometallate anions. However, in Cs 10 (GeO 4 ) 2 O the isolated oxygen atom fully occupies a special position, while in Cs 10 (CrO 4 ) 2 O two underoccupied positions are found for its isolated oxygen atoms O1 and O2. The initially independent refinement of the occupation factors resulted in a sum of 1 within error margins for the occupation of both positions. Therefore they were coupled and restrained to give a chemically reasonable formula. The respective occupation factors were 0.73(1) for O1 and 0.27(1) for O2.
An underlying system of hexagonal close packed layers can be used neither for the cations nor for the anions in describing the structure of Cs 10 (CrO 4 ) 2 O. Although a layerwise arrangement of chromate anions together with the isolated oxide anions seems to be present (Fig. 2d) , those layers do not correspond to the hexagonal arrangements described for the other structures. [36] resp. the above-mentioned orthometallate oxides, have been described. Here the insertion of additional oxide anions is obviously unnecessary for generating a stable ionic structure, but probably favorable in order to increase the lattice energy.
Summary
The synthesis of alkali metal oxometallates starting from suboxometallates is a promising new route towards crystalline materials with high metal content and low-dimensional anionic substructures. 
